ABSTRACT This paper proposes a dynamic cooperative traffic control framework for multiple intersections based on virtual grids to optimize the throughput and ensure fairness among all traffic flows. The traffic flows are divided by virtual grids; we call it virtual grid-based cooperative control of multipleintersections (VGCC). The road segment between two intersections has been divided into two parts, which are defined as the reference region and the decision region. When the vehicle arrives at or goes away from any one part, it registers or deregisters itself to the road side unit. The traffic controller at intersection, called intersection control unit, collects the traffic information from all road segments and receives traffic messages from adjacent intersections. The proposed signal-scheduling algorithm considers not only the flows at the local intersection with higher passing rates but also the flows at downstream signalized intersections with higher passing rates. To ensure fairness, the algorithm gives chances to those phases who has a lower passing rate by using the ageing-counter matrix. According to the real-time traffic information, this paper makes signal timing for each phase of a signal cycle one by one. Moreover, a cooperative collision avoidance predictive control algorithm is proposed, which can assist vehicles to pass the next intersection without stopping, by predicting the time conflict. The results indicate that the VGCC algorithm significantly decreases the average number of vehicles on a road segment by 30.77%, reduces the average queuing length by 28.89%, decreases the average time spent on passing intersection by 26.93%, and reduces the average waiting time by 35.21% than the intersection of common road networks algorithm.
I. INTRODUCTION
Transportation system is facing numerous issues that resulted from increasing travel demands and limited capacities of roadway infrastructures [1] , such as traffic jams and traffic accidents. In particular, traffic intersections are one of the most accident-prone zones [2] . Moreover, an efficient traffic management is urgently required to improve throughput and ensure traffic safety. Nevertheless, existing intersection controlling methods mostly aim to the isolated intersections and the common intersections. We have proposed an intelligent collaborative scheme for the isolate intersection. In this paper, the previous studies [3] will be extended to propose a dynamic cooperative traffic control framework for multiple non-isolated intersections.
In the last decade, great efforts have been put on optimizing the performance of traffic intersections based on the throughput. Some researchers have paid more attention to the vehicle safety [4] , traffic efficiency [3] , fairness [5] , traffic delay [6] and passengers' experience [7] . Moreover, the key issue of the intersection controlling algorithm is to determine an optimal signal scheduling plan, including the cycle length and the signal phase [8] . According to the cycle time length and the signal phase, existing intersection controlling methods are categorized into three main types: traditional traffic control algorithm (Fixed-time Signal), fixed signal phase and unfixed cycle length algorithm (FP-UL), and adaptive signal control algorithm. The factors affecting the performance of intersection control algorithms mainly include throughput [9] , traffic delay and fairness. Fixed-time signal control method cannot meet the real-time traffic demands dynamically [10] , but it has a very high fairness. The adaptive signal control method can meet the real-time traffic demands dynamically very well [11] , but it has a lower fairness than the traditional traffic control algorithm. The FP-UL algorithm calculates the timing cycle in real time, according to the flows around an intersection. Its real-time traffic adaptability and fairness are of moderate average. This paper facilitates the adaptive signal control algorithm to enhance the fairness by using the ageing-counter matrix method based on vehicular networks. The green signal of adaptive signal control algorithm is allocated to the phase by vehicle queue (traffic flow) length. Therefore, the key of optimizing the adaptive signal control algorithm is to divide the vehicular queue length reasonably. In our previous work, the traffic flows were divided into three parts by TLB-VTL scheme. This paper extends the TLB-VTL scheme by utilizing virtual-grids, in which the road segment is divided into many same length virtual areas to plan the traffic flows reasonably. The length of real time traffic flow is generally estimated by dedicated sensors, such as Radio Frequency identification RFID [11] , induction loops [13] , [14] , video cameras [15] , [16] and IoV (Internet of Vehicles) devices [17] , [18] . In this paper, the road segment has been divided into two parts, reference region and decision region. Both the reference region and decision region are divided equally into many little areas that are named virtual grids. When the vehicle reaches or leaves a any district, it will register or deregister itself to Road Side Unit RSU. RSU and Intersection Controller Unit (ICU) will estimate the number of vehicles by logon and logoff scripts based on vehicular networks.
Our main contributions can be summarized as follows:
• The proposed signal scheduling algorithm uses the ageing-counter matrix to provide fairness for those phases who is with lower passing rate.
• This paper proposes a cooperative throughput maximization algorithm, according to the traffic information of the local intersection and its adjacent intersections.
• This paper proposes the flow restrict algorithm and bypass algorithm to ensure the maximum throughput of road networks.
• CCAP algorithm makes the road form green wave, which can make vehicles pass the continuous intersection without stopping. The remainder of this paper is organized as follows: Section II reviews the related work. Section III presents the system model. Section IV describes the throughput maximization framework for multiple intersections based on virtual-grids. Section V describes the fairness and CCAP framework. The comprehensive simulation studies and results are shown in Section VI. Finally, Section VII concludes this paper and discusses future research directions.
II. RELATED WORK
The intersection controlling methods mainly include control through traffic light (TL), control without traffic light (NTL), and coordination with Virtual Traffic Lights (VTL) [3] . Existing intersection controlling methods mostly aim to the isolated traffic intersections and the common intersections. Summarizing previous intersection controlling studies, the intersections are divided into three categories: the isolated intersection, the handover intersection, and the common intersection.
Some researchers have focused on the isolated intersection, without considering its adjacent signalized intersections [3] . Define the isolated intersection as the signalized intersection in which the coupling degree between it and its adjacent intersections is tending to zero. The majorities of the previous isolated intersection control algorithms aim to enhance the safety, to improve traffic efficiency, to ensure fairness and to reduce the waiting delay time. Wunderlich et al. [19] describe an algorithm designed for the signal control problem, which utilizes a maximal weight-matching algorithm to minimize the queue sizes at each approach, yielding significantly lower average vehicle delay through the intersection. Younes et al. [20] propose an intelligent traffic light controlling (ITLC) algorithm, which is intended to schedule the phases of each isolated traffic light efficiently, and consider the real-time traffic characteristics of the competing traffic flows at the signalized road intersection. Wang et al. [3] propose a TLB-VTL scheme for an intelligent collaborative isolated intersection. According to the traffic flow of each lane, they divide the intersection into three adaptive areas. And the sequence of each timing cycle is calculated in real time according to the flow in TLB around an intersection. In [21] , a passing sequence is optimized by the Genetic Algorithm based on this range. Then the passing sequence is sent to each vehicle individually, where the compatible streams are dynamically combined. We optimize the passing sequence by virtual grids, and make the road become many virtual grids. Traditional intersection controlling methods decide the cycle length and the signal phase by the length of vehicle queue. The cycle length and the signal phase are schemed by the number of virtual grids.
The common intersection [17] , [22] needs to take into account the impact of its adjacent intersections. Define the common intersection as the signalized intersection so that the coupling degree between it and its adjacent intersections is between 0 and 1. When the traffic flow is very large and traffic congestion occurs, the common intersection equals to the handover intersection approximately. When the traffic flow is very small, the common intersection equals to the isolated intersection approximately. Yang et al. [17] propose an ecocooperative adaptive cruise control (Eco-CACC) system that receives signal phasing and timing data from downstream signalized intersections via vehicle-to-infrastructure (V2I) communications. A mathematical model of traffic light settings within a macroscopic continuous traffic flow network is presented, and theoretical properties are investigated in [22] . Wu et al. [23] propose a new traffic lights control scheme of a simple intersection, taking into account vehicle behavior, integral red and orange phases. They consider the intersection as a resource shared between vehicles of two roads. Zhou et al. [11] propose an adaptive traffic light control scheme that adjusts the sequences of green lights based on the real-time traffic data, including traffic volume, waiting time, number of stops, and vehicle density. In addition, the optimal green light length can be calculated from the local traffic data and traffic condition of its adjacent intersections.
The handover intersection [9] , [18] must take into account the impact of its adjacent intersections. Define the handover intersection as the signalized intersection in which the coupling degree between it and its adjacent intersections is tending to 1. It means that the decision area of downstreamsignalized intersection and the range of the local intersection are overlapping. Chen and Chang [9] propose a cooperative traffic control framework to optimize the global throughput and travel time for multiple intersections. Moreover, adjacent intersections are considered when analyzing their joint passing rates and attempting to maximize the number of vehicles traveling through road networks. A complex cyber-physical system is proposed in [18] , the intersection decision is determined with the traffic information of multiple intersections by air-ground coordination system.
Intersection management with traffic lights is a bottleneck of current traffic flows [24] . Intelligent Transportation Systems (ITS) are developing towards a highly automated and smart traffic control system. To improve the safety, efficiency and throughput, researchers propose the concept of VTL [3] . A virtual traffic light is a mechanism that allows vehicles to solve priorities at intersections autonomously by using cellular infrastructures or adopting V2V and V2R communications in the absence of fixed infrastructures [25] , [26] . In this paper, the VGCC algorithm is proposed for the common intersections with virtual traffic lights. Similar to [19] - [21] , our previous study [3] focused only on optimizing the local throughput of the isolated intersection without considering its adjacent intersections. Therefore, this paper proposes a dynamic cooperative traffic control framework for multiple intersections to optimize the throughput on road networks with IoV. Representative relevant studies on road traffic control are summarized in Table 1 .
III. SYSTEM MODEL
This paper makes an intersection decision with the information, which includes the competitive traffic flows around the local intersection and the traffic condition of adjacent intersections. As shown in Define the even index of as the straight lane, and define the odd index of as the left turn lane.
The road segment between two adjacent intersections is divided into two parts, which are defined as the reference region and decision region, respectively. The decision region represents the vehicles that are waiting to pass intersection. The reference region means the vehicles that are incoming from upstream intersection, and these vehicles will pass the intersection at next cycle or need to go across intersection now. Both the reference region and decision region are divided equally into many small areas named virtual grids. The length of each virtual grid can be adjusted according to the distance of the road segment. Moreover, the length and the virtual grid number of both reference region and decision region are registered to the exclusive RSU or ICU at the downstream-signalized intersections. The ICU is composed of computation, communication and storage component. ICU controls the traffic flows of a certain intersection, while RSU collects the vehicle information that stays in the reference region or decision region. These information includes position, turning intention and identifier. The vehicles communicate with RSU for logon or logoff, when they reach or leave a certain district of the road segment. The RSU estimates the number of vehicles in each district by the logon and logoff scripts.
There are only green signal and red signal defined in the VGCC algorithm. When the vehicle stopping at the decision region gets a green signal, it passes the intersection. If it gets a red signal, it must stop to wait for green signal. The VTL algorithm specifies the length of each signal cycle, and the time is assigned to each phase, according to the competing virtual grids number of each lane around the intersection. When a vehicle stops at an intersection due to the red signal, it will send its movement state to the local exclusive RSU. Then RSU informs ICU about traffic information of the local region. With the number of real time competing virtual grids, this paper makes the signal timing for each signal phase of a signal cycle one by one. When the competing virtual grids of a certain lane reach to maximum threshold, ICU will adopt a measure to limit the traffic flows incoming from the corresponding upstream intersection, and makes part of traffic flows bypass.
Our goal is to optimize the throughput, and to ensure fairness among traffic flows on road networks by addressing the following issues.
• Throughput Maximization: How does ICU take measures so that the throughput is maximized?
• Fairness: How does ICU ensure the fairness of all lanes?
• CCAP: How does CCAP make vehicles pass the continuous intersections on road networks without stopping?
IV. THROUGHPUT MAXIMIZATION FARMEWORK
In the proposed dynamic cooperative traffic control framework for multiple intersections based on virtual-grids, the ICU makes a consideration about the incoming traffic flows from the upstream intersections. Adjacent intersections on road networks may interact, when traffic flow is relatively large. Moreover, we propose three issues. First, to optimize the throughput among traffic flows on road networks and to solve the first issue, it needs to solve the following problems firstly.
• Competing Grids Estimation: How does ICU calculate the numbers of virtual grids from all competing flow around the intersection with traffic information of adjacent intersections?
• Phase Match: How does ICU decide the phase match and phase sequence in a signal cycle from eight lanes of four road segments at intersection?
• Green Signal Duration Determination: How much time should be assigned to green signals based on both the virtual grids number of phase match and the traffic restrictions messages of downstream-signalized intersections?
• Cooperative Throughput Maximization with Low Waiting Delay: How does ICU make a phase match and allocate green signal duration so that the throughput is maximized with low waiting delay? To improve throughput, this paper adopts the virtual grids to deal with traffic flows, instead of using queue length. Moreover, Section IV-A shows the queue classification and determination of the number of competition grids. The VTL and green signal duration determination are proposed in Section IV-B. Section IV-C gives the adaptive phase match and cooperative maximization algorithm. 
A. QUEUE CLASSIFICATION AND DETERMINATION OF THE NUMBER OF COMPETITION GRIDS
Considering two adjacent intersections, as shown in Fig. 2 , the vehicles move from intersection A to intersection B. Only when getting the green signal, can the vehicles waiting at intersection go across the intersection. There are two types of queues on the lane, stationary queue and moving queue. When the vehicle arrives at intersection with red signal and it need to compete the right of passage, the stationary queue appears. Only when a green signal has been given to those stationary queues who wait to pass the intersection and there is not any vehicles stopping in the front safe range of it, the moving queue appears. When RSU calculates grid number of the competing lane, there are two scenarios, as shown in Fig. 3 and Fig. 4 . The first scenario, shown in Fig. 3 , appears when the traffic flow is not large. Moreover, the vehicle stops at decision region to strive for the right of passage. When the traffic flow is very large, the decision region may be full with stationary vehicles waiting for the green signal. At the same time, there are some vehicles stopping at reference region to waiting for the right of passage, as shown in Fig. 4 . The vehicles communicate with RSU for logon or logoff, when they reach or leave a certain district of a road segment. The RSU estimates the number of vehicles in each district through the logon and logoff scripts. If the area is filled with stationary vehicles, RSU of this area sends the information of vehicle's number, movement state, and the grids' number to ICU. If some regions are filled with stationary vehicles in decision region and reference region, RSU calculates the virtual grids' number of competing lane by the BDS and vehicle status information.
In the first scenario, as shown in Fig. 3 , only need to calculate the competing virtual grids' number in the decision region. The value of the competing virtual grids' number will be used to qualify for the right of passage by competition, and it is used to calculate the green signal duration of phase match as well. In Fig. 4 , the competing virtual grids' number consists of two parts. One is the virtual grids' number of decision region, and the other is the virtual grids' number whose area is filled with stationary vehicles in reference region. When in this scenario, it means that the traffic flows are very large. And the ICU will adopt a measure to limit flows of upstream intersections to drive into the congested lanes.
B. VIRTUAL TRAFFIC LIGHT
There are only green signal and red signal defined in VTL. If the vehicle stopping at the decision region gets a green signal, it passes the intersection. If it gets a red signal, it must stop to wait for green signal. According to the competing virtual grids number of each decision region and reference region, the VTL algorithm specifies the length of each signal cycle and the time assigned to each phase. There are 20 potential conflict points shown by some round dots at the intersection, as shown in Fig. 5 . If the vehicle goes straight, it meets 4 conflict points. If the vehicle turns left, it may meet 6 conflict points. According to the order matrix A that is designed by all possible matches of the phase, the VTL matches phase of each signal cycle. Define the sign function as follows.
FIGURE 6. The intersection coordinate.
As depicted in Fig. 6 , denote the width of intersection by ω and ω = 4a, a is a constant. x is the horizontal axis in east-west direction, while y is the vertical axis in northsouth direction. The vehicle to be passing an intersection may encounter 4 + 2sgn(L n ) conflict points presented in Fig. 5 . When crossing the intersection, the vehicle driving distance is calculated by
And Eq. (2) can give the vehicle driving distance to calculate the phase timing. The duration of each signal cycle is composed of the time of each phase. The time assigned to each phase is based on the traffic flows of each active area. The signal timing of each phase is given as follows.
where D_n is the value of the competing virtual grids' number of phase match, and T k is defined as follows:
where T ei is the vehicle ignition time of i-th vehicle. T bi is the driver's reaction time of i-th vehicle. Grid_l is the length of each virtual grid. Definev as the average velocity of vehicles waiting to go across the intersection. k is the number of vehicles in a grid. T is the loss time, which consists of the driver's reaction time and the start time of a vehicle. The Eq. (4) can calculate the time of each grid for phase timing. Fig. 7 shows the time composition of T green . The notations are summarized in Table 2 . To facilitate the intersection modeling, we put the intersection into the coordinate system as shown in Fig. 6 . Eq. (5) is the route of L1 at the intersection coordinate. And Eq. (6) is the mathematical description of L2. All the equations make up a set of L, which can solve conflict points by computation.
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C. ADAPTIVE PHASE MATCH AND COOPERATIVE MAXIMIZATION ALGORITHM
There are three kinds of phase combinations for VGCC, as shown in Fig. 8 . Then the order matrix A can be formulated, which is designed by all possible phase matches. In this paper, the order matrix A is a 8 × 8 binary square matrix, where 1 and 0 denote permitted to pass and not permitted to pass. In addition, the line number and column number correspond to the encoding of the lane. If two lanes of eight competing lanes have a conflict point, the corresponding position of the order matrix A is set to 0. In our previous studies [3] , we develop the order matrix A by the conflict points. In this paper, according to the all kinds of phase combinations, as shown in Fig. 8 , the order matrix A can be drawn up.
The order matrix A is shown as follows: 
Denote a ij as the element of matrix A, and a ij is a binary number. The meaning about the value of a ij is denoted as follows: Our goal is to select the most appropriate phase match from all kinds of phase matches, as shown in Fig. 8 , yielding the highest passing rate by considering adjacent intersections with the order matrix A. First, ICU removes the low priority lane, then selects the phase combination with maximum throughput, after that, configures the time duration of green signal to next frame of phase match by D_n. The calculation of D_n is shown in Algorithm 1. Last but not the least, ICU adjusts the ageing-counter matrix. The procedure to match phase, change the phase scheme, and adjust the buffer are shown in Algorithm 2. VOLUME 6, 2018 it from all of phase combinations;
Define the cooperative maximization throughput W as follows:
where L mni means the virtual grids' number of m-th lane, whose time duration of green signal to the i-th frame of phase match in a cycle. L ji means the virtual grids' number of j-th lane, whose time duration of green signal to the i-th frame of phase match in a cycle. Moreover, the lane L m and the lane L j form a phase match to make a maximization throughput. k denotes the maximum vehicle capacity of each grid. That is to say, each virtual grid can be hold k vehicles who stops to wait for the right of passage. Moreover, Eq. (9) gives the maximization throughput of an intersection where do not consider the traffic information of adjacent intersections. So far, the first issue has been solved.
V. FAIRNESS AND CCAP FRAMEWORK
To ensure fairness among all traffic flows on road networks and solve the second issue, we need to solve the following problems at first.
• Flows Limitation: How does ICU limit the traffic flows incoming from the corresponding upstream intersection and make the part of traffic flows bypass?
• Fairness Provision: How does ICU arrange phase match to ensure the fairness of all lanes? To learn about the mechanism of CCAP and solve the third issue, it should address the following problems.
• CCAP Algorithm: How does the CCAP algorithm make vehicle pass the continuous intersections without stopping? In addition, Section IV has solved the first issue how does ICU take measures to make the throughput maximized. For fairness provision, ICU gives the right of passage to those with lower passing rates by using the ageing-counter matrix. Fairness provision is presented in Section V-A. Flows limitation on road networks is investigated in Section V-B. Last, in Section IV-C, the CCAP algorithm is described.
A. FAIRNESS PROVISION
If the phase match and timing signal phase are drafted by the throughput maximization algorithm, it will ignore the fairness of competing traffic flows. And it may occur that some competing lanes cannot get the right of passage for a long time. To avoid this problem, the ageing-counter matrix P 1×8 is introduced, and
where p i (i = 1, 2 · · · 8) is the element of P 1×8 . Moreover, a_c is the max value of ageing-counter. The initial value of p i is 0, and the maximum value of p i is a_c. If p i reaches the maximum value, the corresponding lane L i loses the right to compete. That is to say, there is not priority of lane L i before all elements of P 1×8 have reached the maximum value and then initialize. The priority of lane L i related of a_c is shown as follows:
a_c, L i has no priority to compete other, L i has the priority to compete (11) 40112 VOLUME 6, 2018
We recalculate the corresponding p i according to the phase match L m and L j , and determine its priority by Eq. (11) . When all elements of P 1×8 have reached the maximum value, ICU initializes the ageing-counter matrix, as shown in Algorithm 3.
Algorithm 3: Fairness Provision Algorithm
INPUT: L m , L j 1 P m = P m + 1; 2 P j = P j + 1; 3 ac(1:p)= a_c; 4 if P == ac do 5 P = 0; 6 else 7 Execute the Cooperative maximization Algorithm.
end
Consider the fairness of competing traffic flows, the Eq. (9) can be rewritten by the ageing-counter matrix as follows.
where a_c is the max value of ageing-counter. L mni means the virtual grids' number of m-th lane, whose aging degree is n and time duration of green signal to the i-th frame of phase match in a cycle. L jni means the virtual grids' number of j-th lane, whose aging degree is n and time duration of green signal to the i-th frame of phase match in a cycle. Moreover, the lane L m and the lane L j form a phase match to make a maximization throughput. k denotes the maximum vehicle capacity of each grid. That is to say, each virtual grid can be hold k vehicles who stops to wait for the right of passage.
B. FLOWS LIMITATION AND BYPASS
When the competing virtual grids of a certain lane reach to maximum threshold, ICU adopts a measure to limit the traffic flows incoming from the corresponding upstream intersection. The ICU of upstream intersection will make part of traffic flows bypass. In Fig. 4 , it means that the traffic flow is very large. The ICU will adopt a measure to limit flows of upstream intersections to drive into the congested lane.
To judgment the degree of traffic judgment, denote Sa1_r as the saturation rate of reference region, and the Sa_r is expressed as follows.
where r_fn is the current number of vehicles in the reference region, r_sn is the vehicle saturation in reference region. When Sa_r is less than 0.5, it means that the traffic flows are not very large. When Sa_r is greater than 0.5 and less than 0.9, it means that the traffic flows are large. The local ICU should limit part of traffic flows incoming from the upstream intersection, and make them bypass. When Sa_r is greater than 0.9, there is a traffic congestion. And the traffic flows Give related phase of the upstream intersection a prompt to bypass;
10
Execute the Bypass Algorithm;
end 12 end
When receiving the limiting message from downstream intersections, the local intersection will change the already configured time of next phase, and merges the traffic flows that will bypass. So the final green signal duration of phase match is limited by downstream traffic flows limiting messages. The driver receives the message that prompts the vehicle to bypass.
C. CCAP ALGORITHM
The intersection collaborative algorithm is divided into two categories: one is the time-based algorithm, such as CCAP, and another is the route-based algorithm, such as VGCC. The two algorithms are defined as follows:
Definition 1: The route L i (i = 1, 2 . . . 8) of every subset of L is treated as the displacement S(x, y) t , which changes VOLUME 6, 2018 over time. Make the vehicle as a mass point, ∀L i and ∀L j , i = j, if and only if S i (x, y) t = S j (x, y) t , the corresponding two vehicles at the intersection will not conflict.
Theorem 1: The displacement of the vehicle (or the current coordinates) is a function with respect to time. Within the intersection (0 ≤ x ≤ 4a, 0 ≤ y ≤ 4a), put all the vehicles and lanes into the coordinate system. When at time of t, if and only if S i (t) = S j (t), the corresponding two vehicles at the intersection will not conflict.
Theorem 2: Within the x-y coordinate, the vehicle can be treated as a mass point (x, y), which is a function that is limited by the function L n and is changed over time t. L n is a directed function. What's more, the vehicle can be regarded as a circle with (x, y) as the center, r as the radius. The center of the circle is a function of t under the constraint function L n .
Definition 2: At the intersection, ∀L i and ∀L j , i = j, once certain route encounters a conflict point, which is L i ∩L j = Ø, the vehicles cannot pass intersection at the same time.
We have designed a CCAP algorithm that makes vehicles across the downstream intersection without stopping. The CCAP algorithm generates an efficient traffic schedule for the entire arterial road networks. Fig. 9 illustrates the principle of the time-based CCAP algorithm. In Fig. 9 , t 0 denotes the time point when the head of A vehicle platoon just moves through intersection 2. t 1 represents the time point in which the tail of A vehicle platoon just moves through intersection 2. t 2 and t 6 respectively denote the time point when both A and B vehicle clusters' head arrive at the intersection 3. t 3 and t 7 respectively denote the time point in which both A and B vehicle clusters' tail arrive at the intersection 3. t 4 denotes the time point when B vehicle clusters' head just moves through intersection 1. t 5 denotes the time point in which B vehicle clusters' tail just moves through the intersection 1. Define T 1 as the time of A vehicle cluster passing intersection 3 and T 2 as the time of B vehicle cluster passing intersection 3. To avoid the conflict between two vertical roads in the downstream arterial intersection, the following constraints need to be met:
VI. PERFORMANCE EVALUATION
This section will evaluate the performance of VGCC in terms of throughput, average waiting time, and the fairness (the variance of every competing lane access probability). Each parameter is evaluated with the vehicle arrival rate increasing.
For an example, we want to observe the changes in throughput with the vehicle arrival rate increasing at intersection. Last but not the least, this paper gives a comparison between the common road networks and the VGCC road networks. 
A. ENVIRONMENTAL SETUP
We have developed a semi-physical traffic platform in the laboratory, as shown in Fig. 10 . The proposed intersection architecture has been implemented by a STM-32 drive autonomous mobile vehicle shown in Fig.11 . We use the semi-physical traffic platform to test algorithm and get a part real data. And we simulate the proposed intersection control algorithm by Simulation of Urban Mobility (SUMO) [27] , which can generate different intersection scenarios. Moreover, the scenario of figure 1 is generated by SUMO to test the VGCC method. There are 3 groups of comparative results about the throughput, fairness, and delay. This paper compares our dynamic cooperative throughput maximization, fairness provision, and average waiting time with two classical methods. One is the longest-queue first approach with maximal weight matching (LQF-MWM) algorithm, which allocates green signal to the phase with the longest waiting queue [19] . The other is the tradition fixed-time control method (FTC), which allocates a fixed green signal duration. The simulation parameters of VGCC method are shown in Table 3 . The number of vehicles at the intersection follows the Poisson distribution. We simulate our dynamic cooperative traffic control framework for multiple intersections on road networks and the subsystem, as shown in Fig. 1 . The RSU gets the vehicle's turning intention, speed, location, lane, the driver's reaction time and the start time of a vehicle by V2R communication. The vehicle gets the speed, distance with front and rear vehicle, the driver's reaction time and the start time of a vehicle by V2V communication. ICU collects traffic information from RSU by R2I communication. In addition, ICU informs phase timing and the right of way to vehicles around the local intersection. This paper compares the VGCC with the common road networks (CRN), in which road networks do not have any cooperative traffic control algorithms.
B. SIMULATION RESULT
Existing intersection controlling methods are categorized into three classes: traditional traffic control algorithm, FP-UL algorithm, and adaptive signal control algorithm. Fixed-time signal control method (FTC) has a very high fairness, and its costs are smallest. The adaptive signal control method has a lower fairness than the traditional traffic control algorithm. Suppose that the FTC algorithm has the highest fairness, and its access probability in a cycle is 100%. According to the statistical simulation data, the access probability of LQF-MWM is 52% and the access probability of VGCC is 80%, as shown in Table 4 . Fig. 12(a)-(c) show the comparison between the LQF-MWM algorithm and FTC method about throughput, when the vehicle arrival rate increases under different confidence interval (CI) with 85%, 90%, and 95%. For each graph of the evaluation result, the parameter of horizontal axis is arrival rate. The arrival rate is from 0 to 1. It means that the number of vehicles around intersection become larger and larger. Meanwhile, the intersection traffic status becomes from no congestion to middle congestion to high congestion, when the arrival rate is from 0 to 1. When the CI is higher, the control overhead and the amount of data are larger. High confidence interval means high consumption, high cost, and high complexity. To reduce costs, it should choose a smaller CI for test. When the vehicle arrival rate becomes large, the number of vehicle that passes intersection also becomes large. So the throughput becomes large with the vehicle arrival rate increasing. Because LQF-MWM method only considers the lane whose vehicle number is large, it does not consider phase matching. Therefore, the throughput of LQF-MWM is smaller than VGCC. The VGCC selects the phase combination with maximum throughput. It can be seen that our schemes outperform the LQF-MWM and FTC method. The throughput is further improved, because this paper decreases the waiting delay and avoids traffic jams by considering the traffic information of road networks instead of the information of a certain intersection. In addition, The ICU decides the right of passage by the maximum virtual grids' number. Fig. 13(a)-(c) give a variance of different phase time in a cycle between three methods, the results reflect the difference among the all phase time in a cycle under different confidence interval with 85%, 90%, and 95%. The smaller variance means higher fairness. Because LQF-MWM method only considers the lane whose vehicle number is large, the lane with largest numbers may continuously get the right of way to pass intersection. Moreover, it will make some phase do not get the right of way in long time, so make variance bigger and bigger. To avoid this problem, the VGCC introduces the ageing-counter matrix to control the variance. It can be observed that our schemes have improved the fairness. The variance of LQF-MWM is largest. What's more, the VGCC algorithm can increase the fairness by 59.58% compared with the LQF-MWM algorithm. The performance of VGCC is optimized. The results verify that the access probability of three methods in Table 2 . The VGCC Algorithm not only improves the fairness, but also improves the throughput. 3) DELAY Fig. 14(a)-(c) show the comparison between the LQF-MWM algorithm and FTC method about delay (the average waiting time), when the vehicle arrival rate increases, under different confidence interval with 85%, 90%, and 95%. At the beginning, the delay is identical, because there is few vehicles. With the vehicle arrival rate increasing, the throughputs of the LQF-MWM and FTC are smaller than VGCC in unit time. In addition, the variance of LQF-MWM also becomes larger and larger, and it makes the mean time for vehicle to pass intersection become larger. It can be seen that using our dynamic cooperative throughput maximization scheme, the average waiting time decreases relative to the LQF-MWM method and is better than the FTC algorithm with the traffic flows getting larger and larger. From these results, it can be concluded that the Fixed-time signal control method cannot dynamically meet the real-time traffic demands, but it has a very high fairness. The adaptive signal control method can dynamically meet the real-time traffic demands very well [11] , but it has a very low fairness. The VGCC method belongs to a kind of adaptive signal control method. This paper not only improves the fairness, but also ensures the sensitivity to real-time traffic flows.
1) THROUGHPUT

2) FAIRNESS
4) ROAD NETWORKS
The VGCC algorithm is designed for multiple intersections. Moreover, it can improve the traffic efficiency of all intersections on road networks, comparing with the common road networks that do not use any cooperative control algorithms. In typical road networks, as shown in Fig. 1 , there are one central intersection and four adjacent intersections. In this paper, the five intersections form a system by VGCC. If not using any cooperative control algorithms, there are five parallel intersections similar to the five parallel M/M/1 systems of queuing theory. In addition, using VGCC, it is similar to a M/M/5 system of queuing theory. This paper compares any one intersection of the VGCC road networks with any one intersection of the common road networks.
There are four comparative simulations about the average number of vehicles on the lane, average queuing length, average waiting time, and the average time spent on pass intersection with common road networks (CRN) and VGCC. Denote the average number of vehicles on the lane asn. Denote average queuing length asq. Denote the average time spent on pass intersection asd. Denote average waiting time asω. The results are summarized in Table 3 . The results indicate that the VGCC algorithm significantly decreases the average number of vehicles by 30.77%, reduces average queuing length by 28.89%, decreases the average time spent on pass intersection by 26.93%, and reduces average waiting time by 35.21% than the intersection of CRN from Table 5 .
VII. CONCLUSION AND FUTURE WORK
This paper has proposed VGCC algorithm and CCAP algorithm. VGCC solves the traffic problem of multiple intersections based on virtual-grids, and it optimizes the throughput, and ensures fairness among traffic flows. The ICU controls the local traffic flows integrating the traffic information of VOLUME 6, 2018 local intersection with the traffic messages from adjacent intersections. The proposed signal scheduling algorithm considers not only the flows at the local intersection with higher passing rates, but also the flows at downstream signalized intersections with higher passing rates, and also gives turns to those phases who is with lower passing rate for fairness provision by using the ageing-counter matrix. Moreover, CCAP can assist vehicles to go across the downstream intersection without stopping through predicting the time conflict, and can further improve the intersections efficiency on road networks. From the evaluation result analysis, it indicates that the VGCC has an advantage of ensuring the fairness, reducing the waiting delay and improving the traffic efficiency. Moreover, CCAP makes vehicles across the downstream intersections of arterial road without stopping and confliction. The CCAP algorithm generates an efficient traffic schedule for entire road networks.
In future work, we will extend the VGCC algorithm into the dynamic cooperative control for multiple intersections based on cloud big data analysis. Moreover, we plan to investigate the fault diagnosis and isolation (FDI) for Intelligent Transportation System (ITS) of Smart City, and the fault tolerance for the IoV system under Intelligent Road networks. 
